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Abstract

Hydrophobic interactions are important in the self-association of milk proteins, including o,;-casein. The extent to which
casein interaction sites are influenced by local secondary structure is not widely known. Both primary amino acid sequence
and local secondary structure are shown to affect the self-association of the hydrophobic peptide o,;-casein(136-196). The
peptide is aggregated at low concentrations (7 uM and above), as determined by 'H nuclear magnetic resonance (NMR)
measurements at pH 6.0 in phosphate buffer. Increase in temperature is shown to induce side chain mobility (melting) as
indicated by both 'H NMR and near-UV circular dichroism (CD) measurements. As determined by far-UV CD, there is also
a loss in the global amount of extended structure with increasing temperature, while B-turn structures and some aromatic
dichroism are conserved at temperatures as high as 70°C. Similar retention of structure occurs at pH 2 and in 6 M guanidine
HCI. The observed stability of B-turns and some side chains in o) -casein(136-196) supports previous assumptions that
hydrophobic, proline-based turns are important interaction sites in the self-association of o;-casein, and possibly in the
formation of the calcium transport complexes, the casein micelles. It may be speculated that these areas of the peptide
represent a ‘molten globule-like’, heat stable, core structure for o -casein. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The caseins are a unusual group of proteins, which
are neither globular nor fibrous in nature. Caseins

Abbreviations: CD, circular dichroism; FTIR, Fourier trans-
form infrared; PIPES, piperazine-N,N'-bis(2-ethanesulfonic
acid); NOESY, nuclear Overhauser enhanced spectroscopy
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have an open structure and are hydrated despite hav-
ing a high content of hydrophobic amino acids.
These proteins also have areas of high net negative
charge. The combination of electrostatic and hydro-
phobic properties allows the caseins to form large
colloidal aggregates, while sequestering inorganic cal-
cium and phosphate for transport to the neonate
[1,2]. The high calculated hydrophobicities and the
proline contents of the caseins are thought to prevent
the formation of globular structures in which the
nonpolar groups are completely buried in the hydro-
phobic interior of the protein [3,4]. Thus a number of
the hydrophobic amino acids in caseins are found on



the outer molecular surface of casein monomers.
These hydrophobic surfaces on the molecule are im-
portant in casein-casein interactions and may ac-
count for the self-associative properties, which lead
to colloid formation. The most abundant milk pro-
tein, o-casein (B variant), is a single-chain polypep-
tide of known sequence [3], with 199 amino acid
residues and a molecular mass of 23619. The pri-
mary sequence of the oyi-casein B variant is given
in Fig. 1. The major calcium binding peptide is lo-
cated in the N-terminal half of the molecule and has
been studied in detail [5,6]. The high degree of hydro-
phobicity for the C-terminal half of the molecule
(residues 100-199) is thought to be responsible for
the pronounced self-association of the oy;-casein
monomer in aqueous solution [1,2]. The role of
aromatic amino acid side chains in stabilizing non-
polar regions of self-associated oy-casein and

o, -casein peptides was suggested in a previous re-
port [7].

It may be anticipated that secondary and tertiary
structures would be important factors in casein inter-
actions. Secondary structural features could influence
casein monomer self-association, while tertiary struc-
tures may control the formation of casein submi-
celles, an intermediate step in the formation of the
colloidal calcium transport complex [1,2,6]. Three-di-
mensional structures of proteins have been realized
primarily by X-ray crystallography and high-resolu-
tion nuclear magnetic resonance (NMR) spec-
troscopy. However, to date caseins have never been
successfully crystallized, and consequently crystallo-
graphic structures are not likely to be available. A
lack of well-defined and stable casein structures has
led to somewhat slow progress in NMR structural
work. Advances in the structural studies of milk pro-
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Fig. 1. (A) Sequence of ag -casein B; P below S denotes serine phosphate [3]. (B) Summary of initial secondary structural assignments
made for o -casein. P denotes proline; SP denotes serine phosphate; o-helix denoted by scroll (e.g., residues 37-40); B-sheet by saw-
tooth (e.g., residues 21 to 25); turns by turn-like structures (e.g., residues 16-19).



teins were surveyed in a recent review by Creamer
and MacGibbon [8]. Natural abundance NMR stud-
ies of casein micelles have proven difficult to inter-
pret due to spectral crowding, although protein re-
gions with substantial conformational mobility can
be resolved from rigid core regions [9-12]. A limited
number of structural studies have been done on small
casein peptides, both synthetic and those obtained
from chemical or enzymatic digests, including x-ca-
sein(98-111) [13], k-casein(130-153) [14], the B-casein
phosphopeptides: B-casein(1-25) [15,16] and B-ca-
sein(1-42) [17], and the os-casein phosphopeptide
o1-casein(59-79) [5]. Most NMR results indicate
few populations of stable secondary structures. Ran-
dom coil and extended structures were predicted for
most peptides [13-17], although isolated B-turn and
loop structures, as well as some o-helix, were de-
tected for og;-casein(59-79) [5].

Caseins have been thought to be ‘random’ struc-
tures with only small amounts of secondary struc-
tures because the caseins are characterized by a
high content of proline residues. Proline is known
to disrupt regular structure but excels at forming
turns [18]. Previous studies of caseins by Raman
[19] and infrared [20] spectroscopies indicate a high
degree of turns, as well as more B-sheet than previ-
ously expected in casein monomers and polymers.
Proline-directed reverse turns in caseins may be of
particular significance, as it has been postulated
that reverse turns play an important role in initiating
and directing protein folding [21]. B-Turns generally
occur on the solvent-exposed surface of proteins, and
are usually in hydrophilic regions of the polypeptide
chain. Caseins, however, tend to self-associate, with
the formation of hydrophobic cores in the associated
complexes. It has been postulated that proline turns
in hydrophobic areas can appear on the surface of
casein monomers, which, in turn, may be buried in
subsequent polymer formation. Exposed hydropho-
bic sites on casein monomers help to explain the
nature of casein interactions, and may be the struc-
tural motif which sets these proteins apart from both
globular and fibrous proteins. Using the known char-
acteristics of oj-casein, an energy-minimized pre-
dicted structure generated for the prevalent B variant
of og;-casein [22,23], is given in Fig. 2. The possible
conformational states for the individual amino acid
residues were determined using sequence-based pre-

dictive techniques. The apparent correlation between
the percent proline and the percentage of predicted
turns was used as rationale for assigning proline res-
idues to turn structures in the model. It should be
stressed that the published energy-minimized struc-
ture in Fig. 2 is a working model, subject to refine-
ment.

In a previous report [7], the influence of tyrosine
and tryptophan side chains on the formation of o;-
casein aggregates was shown through investigation of
the hydrophobic peptide oy;-casein(136-196). This
peptide was isolated from the parent og;-casein after
chemical cleavage with cyanogen bromide. Aromatic
side chains from residues neighboring proline-based
turns in the putative molecular model for native o, -
casein (Fig. 2) were shown to be involved in the
hydrophobic self-association of oy;-casein(136-196).
Tyrosine residues in the vicinity of Pro147 appear to
be involved in the initial dimerization of the peptide,
while the region surrounding Trp164 appears to be a
key factor in the formation of higher-order aggre-
gates at high ionic strengths and peptide concentra-
tions. The possible role of hydrophobic B-turn con-
formers in initiating peptide folding and directing
subsequent association is investigated in this study
by 'H NMR, far-UV CD and FTIR spectroscopies.

2. Materials and methods
2.1. Materials

All reagents used were of analytical grade or ‘ACS
certified’ from Sigma (St. Louis, MO). Isolation and
purification of both og;-casein and the cyanogen bro-
mide cleavage peptide o;-casein(136-196) were pre-
sented in some detail in Section 2 of our previous

paper [7].
2.2. NMR measurements

A stock sample for NMR spectroscopic analysis
was prepared by dissolving a known amount of
lyophilized peptide in 0.4 ml of a buffered (10 mM
Na,HPO4, pH 6.0) 90% H,0/10% D,O solution.
Samples of 73 uM (0.51 mg/ml), 37 pM (0.26 mg/
ml) and 7 uM (0.05 mg/ml) peptide concentration
were prepared by dilution, with final concentrations
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Fig. 2. Energy-minimized putative three-dimensional molecular of oy -casein. The peptide backbone only is displayed. Proline residues
are denoted by P, while phosphoserine residues are denoted by SP [22,23].

determined from analysis of their ultraviolet (UV)
absorption spectra using an extinction coefficient of
1.8 ml/mg at 283 nm calculated from amino acid
composition. For initial structural studies, a 0.4 ml
aqueous sample of 1.5 mM (10.5 mg/ml) peptide was
prepared in 10 mM Na,HPO, buffer at pH 6.0. Ad-
justments in pH were made with NaOD and/or DCL.
Spectra for the 37 uM, pH 6.0 sample were obtained
for a variable temperature range of 10-70°C. An
additional sample of 37 pM peptide was made up
in 20% methanol/80% D,0.

All NMR experiments were performed on a
Bruker AMX 600 NMR spectrometer (Billerica,
MA) equipped with a 5 mm broadband inverse
probe, at a 'H frequency of 600.1 MHz, respectively,
using the XWIN-NMR 1.1.1 software package run
on a Silicon Graphics (Mountain View, CA) INDY
workstation. Typically, one-dimensional (1D) 'H
spectra were obtained with a total repetition time
of 2.5-3.5 s and presaturation of H,O solvent signal.

All 1D 'H NMR data were Fourier transformed
with 0.3-1.0 Hz exponential line broadening. Proton
chemical shift values were referenced to external 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS). Phase-sen-
sitive 2D nuclear Overhauser enhancement spectros-
copy (NOESY), total correlation spectroscopy
(TOCSY), and double quantum filter correlation
spectroscopy (DQF-COSY) experiments were ob-
tained using the TPPI method of data acquisition
[24]. Mixing times were 300 ms and 124 ms for the
NOESY and TOCSY experiments, respectively.
Two-dimensional experiments were typically carried
out at 10°C under the following conditions: 2K data
points in #;, 1K data points in #; with 24 scans per
increment, a total repetition time of 5.2 s, and pre-
saturation of the H,O signal. Data from 2D experi-
ments were processed with 90° (for TOCSY and
DQF-COSY) and 45° (for NOESY) shifted sine
bell functions in both dimensions followed by auto-
matic baseline correction in F1 and F2.



2.3. Circular dichroism (CD) measurements

Far-UV CD experiments were carried out with 0.3
mg/ml peptide samples in a 2 mM PIPES (pipera-
zine-N,N’-bis(2-ethanesulfonic acid)), 4 mM KCl
buffer at pH 6.75. Successive measurements in the
far UV (190-250 nm) were made at 10°C, 27°C,
50°C and 70°C. Solvents for CD measurements
were first filtered through a Millipore 0.22-um pore
filter. Dissolved peptide samples were filtered
through centrifuge tubes containing a 0.45-um pore
regenerated cellulose filter. Circular dichroism spec-
tra were recorded on an Aviv model 60DS spectro-
polarimeter (Aviv Associates, Lakewood, NJ) at
25°C, using cells of appropriate path lengths and a
scan time of 40 s/mm. The jacketed cells were at-
tached to a circulating constant temperature bath;
the time for equilibration of the sample was calcu-
lated to be 30 min for a 30°C change in the bath
temperature. Spectra are corrected for solvent con-
tributions and are expressed in units of mean residue
ellipticity (far-UV) or molar ellipticity (near-UV)
vs. wavelength. Analysis of peptide secondary struc-
ture from CD spectra was accomplished using the
CONTIN procedure of Provencher and Glockner
[25].

2.4. Infrared (FTIR) spectroscopic measurements

For infrared (FTIR) measurements, 3 mg of oy-
casein(136-196) were dissolved as a 1.5% w/w aque-
ous solution at pH 6.75 in 25 mM dipotassium
PIPES buffer. Spectra were obtained at 25°C using
a Nicolet 740 FTIR spectrometer (Madison, WI)
equipped with a Nicolet 660 data system. Data col-
lection was carried out after a nitrogen purge of the
sample chamber, which consisted of a demountable
cell with CaF, windows separated by a 6-um Teflon
spacer. Each spectrum consists of 4096 double-sided
interferograms, co-added, phase-corrected, apodized
with a Happ-Genzel function, and fast-Fourier
transformed. Secondary structural features were cal-
culated from the amide I envelope, after assignment
of putative peaks by use of second derivative spectra,
and fitting of Gaussian peaks to the original spectra.
The selected peaks were refitted to the original spec-
tra using an iterative curve-fitting procedure as pre-
viously reported [26]. Data are reported as the sum

of assigned spectral elements gathered from a 20-pro-
tein data base [26].

3. Results and discussion

3.1. Characterization of the o-casein(136-196)
peptide by 'H NMR spectroscopy

The og-casein(136-196) peptide has a high pro-
pensity for self-association, as demonstrated previ-
ously by sedimentation and near-UV CD measure-
ments [7]. It would be advantageous for 'H NMR
studies to obtain the peptide in a monomeric form,
so as to eliminate ambiguity in the interpretation of
NOESY experiments. Previous results [7] from sedi-
mentation equilibrium experiments on 0 -ca-
sein(136-196) indicated the peptide to be predomi-
nantly dimer (and a small population of oligomere)
under the following experimental conditions: 1 mg/
ml (0.15 mM) aqueous peptide solution, pH 6.75,
T=25°C, low ionic strength (10 mM PIPES buffer,
1=0.0175 M).

Investigations of this peptide in aqueous solution
were carried out under conditions suitable to struc-
tural analysis by 2D NMR methods. A one-dimen-
sional 'H NMR spectrum was obtained for a 1.5
mM peptide solution in 10 mM sodium phosphate
buffer at pH 6.0, 7= 10°C. Proton spectral features
were rather broad for a peptide of this size
(M;=6995). Fig. 3 shows the NH/C,H fingerprint
region of the 600 MHz NOESY spectrum (mixing
time = 300 ms) for og;-casein(136-196). The F2 axis
(backbone amide proton region) also includes a pro-
jection of the 1D 'H spectrum. There are approxi-
mately 25-30 discernible peaks in the NOESY finger-
print region, which is considerably less than expected
for a 60-residue peptide. The broad 1D spectral fea-
tures and the lack of NOE cross-peaks both suggest
that the peptide is somewhat more aggregated than
expected. While 2D TOCSY and DQF-COSY (data
not shown) experiments were useful in assigning the
identity of several amino acid spin systems, the lack
of sequential NOE connectivities precludes a com-
plete spectral assignment of all peptide residues.

Aromatic amino acid side chains, particularly ty-
rosine and tryptophan, are major constituents of the
hydrophobic cores of aggregated or folded proteins
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Fig. 3. The NH/C,H fingerprint region of the 600.1 MHz NO-
ESY spectrum (mixing time=300 ms) of 1.5 mM o;(136-196)
casein peptide in 90% H,0/10% D,O. The spectrum was ob-
tained at 10°C, pH 6.0, in the presence of 10 mM Na,HPO,.
The upper portion of the figure shows the amide proton region
for corresponding one-dimensional proton spectrum of 1.5 mM
051 (136-196) casein obtained under the same conditions as the
NOESY spectrum.

and peptides. Tyr and Trp rings can pack against one
another, as well as against hydrophobic regions of
the polypeptide backbone and/or side chains. In the
first part of this study [7], large perturbations in the
near-UV (250-320 nm) CD spectra were observed
upon formation of high-order aggregates (degree of
polymerization =5) for og;-casein(136-196), and
Trp-164 was indicated as a possible site for these
interactions. Fig. 3 shows the 1D 'H region repre-
senting aromatic and side chain amine protons for
various solutions of og;-casein(136-196) in H,O. In
order to improve the spectral characteristics of this
peptide, several strategies were pursued. Increasing
the pH to 7.0 and/or recording the spectra at 30°C
did not improve the appearance (Fig. 4A,B). This is
particularly evident from the broad aromatic reso-
nances, recorded for the sample in D,O (Fig. 4B)
which upon closer inspection are also present in

Fig. 4A. These spectra indicate that o -casein
(136-196) is multimeric at mM concentrations. In
order to investigate the multimer formation in
more detail by NMR, spectra were recorded for di-
lute solutions in D,0. The dilution series included
the following samples: 80 uM to 7 UM oy -ca-
sein(136-196) in D,O. Proton spectral features
sharpen only marginally upon lowering the concen-
tration from 1.5 mM to 80 or 32 uM (Fig. 4C,D).
Even at 32 pM, the breadth of peptide backbone
resonances (C,H) indicates a fairly high degree of
polymerization. For some small proteins and linear
peptides, the presence of an organic cosolvent can
have a considerable effect on the conformation in
solution. Methanol was used as a cosolvent in an
attempt to disrupt intermolecular hydrophobic inter-
actions for og-casein(136-196). The observed spec-
tral features did not sharpen to any extent for a 40
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Fig. 4. The 1D 'H region representing aromatic and exchange-
able protons for (A) 1.5 mM oy -casein(136-196) in H,O (10
mM sodium phosphate, pH 6.0); (B) 1.5 mM o -casein(136-
196) in D,O (same conditions as A); (C) 80 uM oy -ca-
sein(136-196) in D,O (same conditions as A); (D) 32 uM oy -
casein(136-196) in D,O (same conditions as A); (E) 40 uM
o -casein(136-196) in D,O (pH 11.0). All spectra were re-
corded at 30°C.
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Fig. 5. The 1D 'H region representing aromatic protons for 1.5
mM o -casein(136-196) in D,O (10 mM sodium phosphate,
pH 5.6) as a function of temperature.

UM solution of o -casein(136-196) in 20% metha-
nol/80% D,O (data not shown). As anticipated, re-
cording a sample of 40 pM o -casein(136-196) at
pH 11.0 produces comparatively sharp peaks indicat-
ing that the intermolecular interactions are disrupted
(Fig. 4E) at high pH.

3.2. Effects of temperature on the NMR spectra of the
o -casein(136-196) peptide

The self-association of oy -casein has been shown
to be nearly temperature independent between 8°C
and 30°C, suggesting that electrostatic as well as hy-
drophobic forces play a role in self-association of the
native protein [1,2]. Because the highly charged phos-
phopeptide is absent, hydrophobic interactions
should dominate the self-association of the oy;-ca-
sein(136-196) peptide, thus making intermolecular
interactions highly temperature sensitive. Fig. 5
shows the downfield proton region for spectra of
1.5 mM oy -casein(136-196) in D,O for a series of
temperatures. The pH (5.6) and buffer conditions (10
mM sodium phosphate) are constant for the temper-
ature series. The aromatic resonances (6.5-8.0 ppm)
sharpen at elevated temperatures. Resonances in the
backbone C, proton region (not shown) exhibit the
same temperature-dependent features.

The sharpening of much of the proton spectrum
for o, -casein(136-196) as a function of temperature
is an interesting occurrence. For proteins in general,
heating leads to denaturation and peak broadening,
but ‘side chain melting” was the basis for the intro-
duction of the term ‘molten globule’ [27]. Swelling of
the polypeptide chain with increased temperature
could lead to increased side chain mobility. It had
been noted that some sharpening of whole casein
(M;>250000) NMR bands occurred on heating
[10,11]. These workers suggested that this phenom-
enon might be the result of dissociation of protein
monomers from the aggregate, a result of heat treat-
ment. An alternative view is that association of o;-
casein as a function of ionic strength was shown to
be partially hydrophobic by light scattering [1] and
by sedimentation equilibrium measurements [7]. It
should follow that the association of o-ca- .
sein(136-196) may have a stronger temperature de-
pendence than the parent. Heating to 60°C could
induce further hydrophobic aggregation, and sharp-
ening of spectral features for much of oy;-casein(136—
196) as a function of temperature may result from
changes in the mobility and/or local secondary struc-
ture of the polypeptide chains accompanied by some
‘side chain melting’ rather than dissociation. Either
hypothesis is plausible based upon current data.

3.3. Estimation of secondary structure of the peptide

Values of estimated bulk secondary structure for
o, -casein(136-196) as calculated by far-UV CD and
FTIR spectroscopies are given in Table 1. The global
secondary structural results for native oy -casein ob-
tained from Raman spectroscopy indicated 29-35%
turns [19]. This result correlates well with proline
residues being primarily involved in B-turns, as was
discussed vis-a-vis the model shown in Fig. 2. The
CD results for o -casein(136-196) are also consistent
with a putative structure in which all six proline res-
idues are involved in turns. The far-UV (190-250
nm) CD measurements were made using a 43 pM
(0.3 mg/ml) aqueous solution of o;-casein(136-196)
at pH 6.75 in a low ionic strength buffer (2 mM
potassium PIPES+4 mM KClI). At room temperature
(27°C) results indicate the presence of approximately
58% P-sheet, 31% turns, 8% unordered and a statisti-
cally negligible amount of o-helix. Global secondary
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Fig. 6. Mean residue ellipticity [6;] as a function of wavelength
for the far-UV CD of oy -casein(136-196) at 10°C, 27°C, 50°C,
70°C (solid lines 1 through 4, respectively); buffer conditions
were 2 mM PIPES, 4 mM KCI at pH 6.75. Concentration of
peptide was 0.260 mg/ml. The dashed line 5 represents 2 mM
sodium phosphate, pH 2 at 27°C. The ellipticities are expressed
in degreescm?/dmol mean residue weight.

structure was also estimated from the FTIR spec-
trum of a 1.5% w/w aqueous solution of oy -ca-
sein(136-196) at pH 6.5 and 25°C in 25 mM potas-
sium PIPES buffer. The results of this analysis were
as follows: 49% B-extended structures (extended,
sheet, bent strand, 3¢ helix), 22% turns, 23% unor-
dered and a negligible amount of o-helix (5% of
60 =3 residues). The calculated percentage of turns
is lower for FTIR calculations than that obtained
from far-UV CD, but still supports the assumption
that most proline residues in o;-casein(136-196)
may be involved in turn structures.

Table 1

3.4. Effects of temperature on CD spectra

Fig. 6 shows the change in mean residue ellipticity
as a function of wavelength in the far-UV for o-
casein(136-196) at four different temperatures. The
calculated secondary structural features for each di-
chroic spectrum in Fig. 6 are given in Table 1. As the
peptide is heated, there is an increase in the calcu-
lated amount of unordered (random coil) structure,
indicating that there is thermal unfolding of local
structures. The amount of random coil reaches a
plateau at 50°C to 70°C, which compares well with
the improved NMR spectral resolution observed at
50°C to 70°C in Fig. 5. While the increase in unor-
dered structure with temperature occurs with a pro-
portional decrease in sheet structure, the amount of
calculated B-turn remains statistically invariant at
about 30%. A similar conservation of turns at high
temperature was previously observed for the hydro-
phobic protein B-casein (A! variant) by Graham et
al. [28]. Conformational analysis by CD using the
same Provencher and Glockner data base [25] as
used in this study, showed B-turn structures in intact
B-casein to be statistically invariant for spectra ob-
tained at 2°C, 25°C and 60°C.

In the energy-minimized, predicted structure of
whole oy -casein (Fig. 2), both the Pro-147 and
Pro-168 based B-turns are bordered by two regions
of extended B-sheet. These sheet/turn/sheet motifs
make up what are informally called the Pro-147
‘arm’ (residues 130 to 160) and the Pro-168 ‘arm’
(residues 160 to 177). In the crystal structure for
the insulin [29], each monomer contains a similar
pair of extended B-strands at the monomer-mono-

Comparison of secondary structural estimates for the peptide o -casein(136-196) by three methods

Method Temperature % B-Sheet % Turns % Unspecified % o-Helix

FTIR® 25°C 49+ 3 2+1 23+1 542

CD¢ 27°C 58%1 311 8+1 31
10°C 6412 28+1 512 3x1
50°C 4912 28+1 181 5%1
70°C 4912 29+1 18+1 3+1

Sequence-based predictions and molecular modeling In vacuo 57 28¢ 15 0




ent upon local secondary structure which stems from
its primary amino acid sequence. Proton NMR re-
sults, in agreement with previous ultracentrifuge data
[7], indicate that the peptide is aggregated even at
very low concentrations (7 UM), and that aromatic
spectral features may be used as an indicator of hy-
drophobic association at higher peptide concentra-
tions. Temperature studies from both 'H NMR
and near- and far-UV CD indicate the thermal un-
folding of local structures. There is a loss in the bulk
quantity of extended structure (based on CD analy-
sis) with increasing temperature, while B-turn struc-
tures are conserved at temperatures as high as 70°C.
There is also a loss of side chain dichroism indicative
of some ‘side chain melting.” The retention of some
conformational stability for backbone and side
chains at 70°C, at pH 2 and in 6 M guanidine"HCl
suggests a ‘molten globule-like’, heat stable, core
structure for this peptide. It may be speculated that
B-turns, directed by proline, represent a nucleation
site for casein interactions as has been suggested
for B-structures in staphylococcal nuclease [33] and
most recently for B-lactoglobulin [34]. Structural elu-
cidation of these important interaction sites in ca-
seins will help to further understanding of the func-
tional properties of these widely utilized food
proteins as well as the core interactions necessary
to form these unique calcium-transport complexes
in vivo [23]. This information represents the first evi-
dence for a ‘molten globule-like’ state in a casein. It
may be used in the future to determine rational de-
signs for genetic engineering modifications, which
can ultimately direct protein structure and function.
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